We here describe a new species of cyclopid copepod, Eucyclops bathanalicola sp. nov., parasitic on a gastropod endemic to Lake Tanganyika, Bathanalia straeleni (Cerithioidea, Paludomidae). E. bathanalicola is distinguished by the possession of praecoxal claws on the maxillules, by the modified maxillae which lack any trace of an endopod on the powerful distal claw, and by the reduction of the maxillipeds to minute unarmed lobes. In the character states exhibited by the female body, antennules and swimming legs 1-5, the new species closely resembles a typical free living Eucyclops. The impact of the adoption of parasitism as a life habit is expressed primarily in the modification of the postmandibular mouthparts. As a member of the Cyclopidae, this species represents a unique foray into a parasitic lifestyle from an otherwise free-living group of copepods inhabiting Lake Tanganyika. This is the first record of a parasitic copepod on a mollusc host within this ancient lake and only the second family of freshwater gastropods reported to host copepods.
INTRODUCTION
The origin and evolution of the remarkable endemic species assemblage of Lake Tanganyika has long inspired scientists and explorers alike. In recent years, the cichlid species flock of this ancient lake has figured most prominently in morphological and molecular phylogenetic analyses (see review in Salzburger & Meyer, 2004) . However, the invertebrate fauna is finally receiving the attention it deserves as a model system for studying evolutionary patterns and processes (e.g. von Sternberg & Cumberlidge, 1999; West & Michel, 2000; Park, Martens & Cohen, 2002; Michel, 2004; Wilson, Glaubrecht & Meyer, 2004) .
Despite the long history of investigation on the invertebrate fauna of this lake, new species continue to be described (e.g. Martens, 1985; Morse, 1988; Tsalolikhin, 1989; Ducasse & Carbonel, 1994; Rushton-Mellor, 1994; Wouters & Martens, 1994  *Corresponding author. E-mail: g.boxshall@nhin.ac.uk Martin & Giani, 1995; Segers & Baribwegure, 1996; West et al., 2003; Michel, 2004) and these discoveries highlight their astonishing adaptations to life in this ancient lake.
The copepod fauna of Lake Tanganyika is diverse, with the 68 species and subspecies listed by Coulter (1991) being second in species richness only to the 120 species and subspecies recorded for Lake Baikal (Boxshall & Evstigneeva, 1994) . We here describe a new species of cyclopid copepod, Eucyclops bathanalicola sp. nov., found to be parasitic on a species of gastropod endemic to the lake, Bathanalia straeleni Leloup, 1953 (Cerithioidea, Paludomidae) . No parasitic copepods have been encountered previously in studies of the cerithioidean gastropods of this ancient lake.
MATERIAL AND METHODS
The syntype series of Bathanalia straeleni from the Institut Royal des Sciences Naturelles de Belgique in Brussels (IRSNB) includes one lot (no. 50) containing two shells with soft bodies and shell fragments; the latter are apparently remnants from the soft body depicted in Leloup's (1953) paper but the soft body could not be located. As these are the only two specimens with soft bodies from the syntype series, permission to dissect only a single specimen was granted. This specimen, an adult female, yielded two mature female parasitic copepods.
The association between parasite and host was documented using a Leica MZ 12,5 binocular microscope with camera lucida. Dissections of the copepods were completed as temporary preparations in lactophenol. Observations were made using Differential Interference Contrast on a Leica Diaplan microscope and drawings were made via a camera lucida. Copepod morphological terminology follows Huys & Boxshall (1991) .
SYSTEMATICS FAMILY CYCLOPIDAE GENUS EUCYCLOPS GLAUS, 1893
EUCYCLOPS BATHANALICOLA SP. NOV.
Type material: Holotype female undissected, stored in alcohol, IRSNB no. IG 30500: Paratype female dissected and mounted on glass slides, IRSNB no. IG 30499.
Type locality: Off Cape Bwana n'Denge, Democratic Republic of Congo. 1000 m offshore along the coast, trawling starting 3 miles northwest of Lugumba until in front of the Lukuga River (Station 50). Dredged from diverse substrates including mud and rocks in 20-80 m depth (translated from Leloup, 1953) .
Host: Two ovigerous females located within inhalant region of mantle cavity in Bathanalia straeleni, attached to mantle floor just behind osphradium (Fig. 1) .
Etymology: the species name is derived from Bathanalia, the generic name of the host, and -icola meaning inhabitant.
Distribution: Endemic to Lake Tanganyika.
MORPHOLOGY
Female. Body cyclopiform ( Fig. 2A) , divided into anterior prosome and posterior urosome with prosomeurosome boundary well defined at podoplean position. Prosome comprising cephalothorax incorporating first pedigerous somite and 3 free pedigerous somites. Epimeral angles of free second to fourth pedigerous somites slightly produced. Urosome 5-segmented, comprising fifth pedigerous somite, genital doublesomite formed by fusion of genital and first abdominal somites, and 3 free abdominal somites. Fifth pedigerous somite produced laterally into paired lobes (Fig. 2B,C) , each ornamented with distinctive row of long setules extending round from dorsal to lateral surfaces. Genital apparatus comprising single copulatory pore on ventral surface of genital double-somite and paired gonopores on dorsolateral surface: seminal receptacle ( Fig. 2D ) with broad anterior and posterior lobes, both slightly concave; anterior lobe larger than posterior. Caudal rami (Fig. 2E ) about 2.3 times longer than wide: bearing six setae: seta I lacking; setal lengths, seta II -32 (im, seta III -56 |im, seta IV -168 |im, seta V -215 |j^m, seta VI -78 ^m, seta VII -28 (im. Body length 1.18 mm based on two specimens.
Rostrum well developed. Nauplius eye not observed. Antennule 12-segmented (Fig. 2F) ; segmental homologies as follows: segment 1 (I-V) compound, segment 2 (VI-VII) double, segment 3 (VIII) free, segment 4 (IX-XI) triple, segment 5 (XII-XIII) double, segment 6 (XIV) free, segment 7 (XV-XVI) double, segment 8 (XVII-XX) compound, segment 9 (XXI-XXIII) triple, segments 10 (XXIV) and 11 (XXV) both free, segment 12 (XXVI-XXVIII) compound. Setal armature comprising: 8, 4, 2, 6, 3, 1 + spine, 2, 3, 2 + aesthetasc, 2, 2 + aesthetasc, 7 + aesthetasc. Apical aesthetasc and adjacent seta arising from common base. Antenna ( Fig. 4A) uniramous; with coxa and basis indistinctly separated; coxa-basis unarmed; endopod 3-segmented; first endopodal segment with 1 inner margin seta, second segment with 5 setae (setae V to IX using terminology of Boxshall & Evstigneeva, 1994) , third segment with 7 setae; exopodal seta absent.
Mandible (Fig. 3A) comprising coxa with well developed gnathobase bearing numerous blades along oblique margin, and reduced palp consisting of vestigial segment bearing 2 sparsely plumose setae; lacking tiny third seta.
Maxillule modified (Fig. 3B ); large praecoxa with powerfully developed arthrite produced into 2 curved terminal claws and third, smaller subterminal claw showing traces of articulation at base; palp represented by single seta on distal surface.
Maxilla 2-segmented (Fig. 3C) ; praecoxa and coxa fused to form syncoxa; inner margin produced into irregular lobate processes in proximal half; distally bearing single seta and vestigial distal coxal endite with 2 apical setae; basis drawn out into powerful apical claw; endopod entirely lacking.
Maxilliped reduced to unarmed, rounded lobe ( Fig. 4B) .
Swimming legs 1-4 biramous, with 3-segmented rami (Figs 3D, E, 4C, D) . Intercoxal sclerites present in legs 1-4; free posterior margins smoothly rounded, lacking any setular ornamentation on either surface. Spine and seta formula as follows: Figure 1 . Position o{ Eucyclops bathanalicola sp. nov. within the mantle cavity of its host, Bathanalia straeleni. Scale bar, 1 mm. Abbreviations: ct, ctenidium; dg, digestive gland; f, foot; hgl, hypobranchial gland; int, intestine; kd, kidney; os, osphradium; ov, ovary; ovi, pallial oviduct; per, pericardium; sto, stomach; t, cephalic tentacle. Outer margin spines on exopods short. Inner spine on basis of leg 1 short and stout, absent on right leg of paratype but present on both sides of holotype. Inner margin of basis of legs 2-4 ornamented with row of setules; coxa of leg 2 with outer spinule row. Inner margin of first exopodal segment of legs 1-4 with row of setules. Inner distal spine on third endopodal segment of leg 4 spiniform but lacking marginal serrations.
Fifth legs comprising 1 free segment ( Fig. 2D ) about 1.6 times longer than wide; bearing inner spine, apical seta and outer seta; both setae plumose; inner spine 12.9 |j^m, shorter than segment (18.6 )am), ornamented with tiny serrations. Leg 6 represented by 2 stout spines and a seta (broken in figured specimen) carried along oblique opening of genital operculum (Fig. 2C ).
Egg sacs paired ( Fig. 2A) , containing 5 or 6 eggs.
Male unknown.
DISCUSSION ANATOMY AND AFFINITY OF EUCYCLOPS
BATHANALICOLA. SP. NOV.
The subfamily Eucyclopinae currently comprises ten genera (Boxshall & Halsey, 2004) but the one-segmented fifth swimming leg bearing three setal elements, as exhibited by the new species, is shared with six genera: Eucyclops, Afrocyclops Sars, 1927 , Tropocyclops Kiefer, 1927 , Homocyclops Forbes, 1897 , Paracyclops Glaus, 1893 and Ochridacyclops Kiefer, 1937 . The shape of the free segment of the fifth leg is shared only with the first three of these, Eucyclops, Afrocy- analysis, but they have traditionally been distinguished on the shape of the margin of the basis of the fourth legs (Dussart & Defaye, 2001) . In Eucyclops species, the inner distal angle of the basis of leg 4 is produced into a spinous process whereas in Afrocyclops species, this margin is rounded. The inner angle of the basis of the new species is produced into a spinous process with a bifid tip: it is not rounded and is therefore classified as a Eucyclops.
Twelve species of Eucyclops have previously been reported from Lake Tanganyika (Dussart & Defaye, 1985) , of which six are endemic and another two are found only in Lake Tanganyika plus Lake Malawi (Table 1) . Eucyclops is a large genus with over 80 described species, all of which are free-living and are epibenthic or planktonic with normally developed maxillules and maxillae. The specimens described here were firmly attached to the host by means of the praecoxal claws of the maxillules and the distal claws of the maxillae. These claws were deeply embedded into the host tissue and serve as the primary attachment mechanism. The new species is atypical in its short caudal rami (most Eucyclops species have rami more than four times longer than wide). The possession of an inner spine on leg 5 that is shorter than the free segment is also an atypical character state, shared with at least four species known from the lake. It shares both this short spine and the complete absence of an outer longitudinal row of spinules on the caudal ramus only with E. angustus Sars, 1909 and E. laevimargo Sars, 1909 . The available data on the lacustrine species listed in Table 1 are limited: for most, the mouthparts have never been described. Given the lack of the male and the absence of such data, we are unable to estimate the phylogenetic relationships of E. bathanalicola sp.nov., but we hypothesize that its sister group might lie within the small cluster of Eucyclops species known from the East African Rift Valley lakes, characterized by a short spine on the fifth leg and the lack of spinule rows on the caudal rami.
This new species is a fascinating mosaic: in body form, in the segmentation pattern of the antennules and antennae, in the vestigial mandibular palp, in the segmentation and setation of the swimming legs and in the shape and armature of the fifth leg, it can readily be classified as a typical member of the subfamily Eucyclopinae, whereas the maxillules and maxillae of the new species are highly modified and the maxillipeds are vestigial. The maxillule is unique in the presence of powerful medial claws on the praecoxa. The maxillulary palp in cyclopids usually comprises a coxa, basis and endopod, with the exopod represented by an isolated surface seta (Boxshall & Halsey, 2004) . CR, caudal rami; L :W, mean length : width ratio; LT, Lake Tanganyika; LM, Lake Malawi. Length of spine on leg 5: short = shorter than segment, medium = about as long as segment, long = longer than segment. Shaded background groups those species with a short spine on leg 5 and lacking a lateral spinule row on the caudal ramus.
The entire palp in this new species is represented by a single naked seta. The maxillae are also modified, with the basis forming a well developed claw, and the entire endopod is lost, as are the enditic setae from the basis. Together, the maxillules and maxillae appear to form a powerful and specialized attachment mechanism and nothing like these modifications exists anywhere within the Cyclopidae. The profound modification of these two limbs is interpreted here as evidence of obligate parasitism, at least in the female. The reduction of the maxilliped to an unarmed lobe has been reported in the cyclopid genus Smirnoviella Monchenko, 1977 (Monchenko, 1977a , and Monchenko (1977b) also reported the complete lack of maxillipeds in a related genus Colpocyclops Monchenko, 1977 . However, study of new material of Colpocyclops (C.E.F. Rocha, pers. comm.) has revealed the presence of lobate vestiges in this genus. Both these genera are derived forms belonging to the subfamily Halicyclopinae, and we infer that the loss of functional maxillipeds is convergent.
A few species of Cyclopidae from the genera Ochridacyclops and Diacyclops Kiefer, 1927 , including Diacyclops spongicola Mazepova, 1961 and Diacyclops incolotaenia Mazepova, 1950 , are known to live in association with sponges in Lake Ohrid and in Lake Baikal (Kiefer, 1937; Mazepova, 1978) , although Ochridacyclops and D. incolotaenia are commonly found away from any host. In each case, however, the degree of modification is considerably less than in the new species: no praecoxal claws are present on the maxillules, the maxilla retains its typical format with well developed syncoxal endites and an endopod, and a normal four-segmented maxilliped is present. The nature of the relationship in these sponge-associates has not yet been investigated, but it is interesting to note that these shifts into a symbiotic life mode by cyclopids have all occurred in ancient lakes with relatively diverse faunas.
HOST
Very little is known about the ecology and distribution of the host species, Bathanalia straeleni. Searches through many major museums or collections of historical importance (Museum of Comparative Zoology, Harvard; Museum National d'Histoire Naturelle, Paris; National Museum of Natural History, Washington DC; The Natural History Museum, London; Museum fur Naturkunde, Humboldt Universitat, Berlin; Danish Bilharziasis Laboratory, Charlottenlund) have revealed only limited shell material for its congener, B. howesi, and no material for B. straeleni. Apart from two shells collected by L. Stappers in the collections of the IRSNB (Leloup, 1953) , the only other known museum material of B. straeleni was collected during the hydrobiologlcal exploration of the lake conducted by the IRSNB from 1946 to 1947.
According to Leloup's detailed report on the gastropods collected during this expedition, specimens of Bathanalia straeleni were collected from 13 stations along all shores of Lake Tanganyika. Only a single station yielded living animals (No. 50), which were dredged in 20-80 m depth near the mouth of the Lukuga River along the shore of the Democratic Republic of Congo. The living specimens were dredged from diverse substrates including mud and rocks. Other localities reported substrates including black mud, sand, sandy mud, rocks or stones; they were dredged or trawled at depths ranging from 0.5 m to 70 m, but yielded only empty shells. Thus, the species apparently prefers deeper water habitats (e.g. Dartevelle & Schwetz, 1948; Leloup, 1953) . Bathanalia straeleni is a small species and is typically less than 12.0 mm in height (Leloup, 1953) , whereas its congener, B. howesi, can reach 25.0 mm in height (Brown, 1994) . Later accounts relating to this genus have relied heavily on information provided by Leloup (e.g. Brown, 1994) or have provided no new data (West et al., 2003) .
As stated above, the female copepods were found attached within the inhalant region of the mantle cavity. No males were found within the mantle cavity, but as the material is over 50 years old, any free males may have become dislodged during the intervening time. Upon dissection of the host, no copepods were found within the haemocoel.
COPEPODS IN LAKE TANGANYIKA
The majority of copepods reported from Lake Tanganyika are free-living omnivores and/or predators feeding mainly on algae, small zooplankton and cyanobacteria (Haberyan, 1985; Sarvala et al., 2003) . They are important members of the zooplankton community (e.g. Kurki et al., 1999; Vuorinen et al., 1999) as they represent a key player in pelagic food webs in the lake (Dumont, 1994; Bahananga, Diamani & Kabungo, 1996) , especially as prey for some species of the spectacular array of endemic fishes (Kondo, 1986) .
Several parasitic copepods have also been described from, or recorded from the lake (Fryer, 1968) , including the ergasilids Ergasilus megacheir (Sars, 1909) , E. macrodactylus (Sars, 1909) , E. kandti van Douwe, 1912 and E. flaccidus Fryer, 1965 , and the lernaeids Afrolernaea longicollis Fryer, 1956 , Lernaea barnimiana (Hartmann, 1865 ), L. bistricornis Harding, 1950 , L. haplocephala (Cunnington, 1914 , L. diceracephala (Cunnington, 1914) , Lamproglena clariae Fryer, 1956 , L. hemprichii von Nordmann, 1832 , L. monodi Capart, 1944 and Ophiolernaea longa (Harding, 1950 . All these parasites exclusively utilize fishes as hosts and are drawn from large parasitic lineages.
FRESHWATER PARASITIC COPEPODS
Copepods occur in virtually every kind of aquatic habitat and exhibit enormous variety in mode of life. About half of the 11 500 known species of copepods live in symbiotic association with metazoan hosts, although the nature of the symbiotic relationship is not always known. Copepods have shifted into parasitism independently in numerous different lineages (Kabata, 1979; Huys & Boxshall, 1991) . These parasitic lineages vary in size from entire orders, such as the Siphonostomatoida, to families, or to a few genera within a family, such as the Tisbidae (Boxshall & Halsey, 2004) . The occurrence of a single parasitic species within a large and well defined, free living clade is, however, extremely rare.
Relatively few families of copepods have successfully colonized fresh water (Boxshall & Jaume, 2000) and only ten families of freshwater Copepoda contain symbiotic species. Four of these families are parasitic exclusively on vertebrate hosts. The Lernaeidae is a relatively speciose family, comprising about 120 species (Ho, 1998) , all parasites of freshwater fishes, although there are rare reports of lernaeids from amphibians such as frog tadpoles (Stunkard & Cable, 1931) . The Lernaeopodidae comprises over 270 species but only one clade within the large family has radiated in freshwater (Kabata, 1979) . This clade comprises 38 species in seven genera, of which Salmincola Wilson, 1915 is the largest, and they occur on a range of fish hosts, including silurids, cyprinids and coregonids as well as salmonids and acipenserids. One genus of the family Dichelesthiidae parasitizes the anadromous sturgeons, migrating between fresh and marine waters, and the large family Caligidae similarly contains a single freshwater species, Caligus lacustris Steenstrup & Liitken, 1861, among several hundreds of marine and a few brackish water species. The Ergasilidae comprises over 260 nominal species and occurs across all salinity regimes from fresh to marine. Ergasilids have free living developmental stages and only the adult females become parasitic, after mating; they typically utilize fishes as hosts.
On freshwater invertebrates, copepods are most commonly found as commensal epibionts living in association with, for example, freshwater crayfishes (Chappuis, 1926; Boshko et al., 1977; Boshko, 1978; Reid, 2001) , freshwater medusae (Humes, 1953) or sponges (Mazepova, 1978; Boxshall & Evstigneeva, 1994) . However, copepods parasitic on freshwater invertebrates are rare. The only copepods described to date as parasitic from freshwater invertebrates exclusively use molluscan hosts and include species in the family Ergasilidae living on the gills of freshwater bivalves in the genus Anodonta (Unionoidea) (Titar & Chernogorenko, 1982; Chernysheva, 1988; Pekkarinen, 1993; Taskinen & Saarinen, 1999; Saarinen & Taskinen, 2003) , and species in the Ozmanidae Ho & Thatcher, 1989 .
The family Ozmanidae includes only two species that live as endo-and ectoparasites of snails in the family AmpuUariidae (Ho & Thatcher, 1989; GamarraLuque et al., 2004) . At the time of its description, Ozmana haemophila Ho & Thatcher, 1989 -discov- ered within the haemolymph of Pomacea maculata (Caenogastropoda, Ampullariidae) -represented the first record of a freshwater gastropod harbouring parasitic copepods. Since that time, few additional reports have been published on copepods associated with freshwater gastropods. One described a second species in the Ozmanidae associated with Pomacea canaliculata (Ampullariidae) in the Plata and Amazon basins of South America (Gamarra-Luque et al., 2004) . In addition, an unidentified species of harpacticoid was described living in association with Lanistes carinatus (Ampullariidae) in Egypt (El-Bahy, 1998). However, the precise nature of this association was not investigated, although it was characterized as having no ill effect on the host and may simply be a commensal relationship.
Thus, the present description represents a rare account of a freshwater copepod parasitic on an invertebrate host, the first record from a host in the freshwater Cerithioidea, as well as the first report from a nonampuUariid host. It also represents a unique foray into an obligate parasitic life mode in the otherwise free living Cyclopidae; although the order Cyclopoida (sensu Huys & Boxshall, 1991) is almost certainly paraphyletic, in addition to the Chitinophilidae, Mantridae and Ozmanidae, the Cyclopidae can be added to the list of cyclopoid families that utilize molluscs as hosts (see Discussion in Huys et al., 2002) . As such, this discovery highlights yet another intriguing facet of the endemic fauna of Lake Tanganyika.
CONCLUSIONS
Eucyclops bathanalicola is distinguished by the possession of praecoxal claws on the maxillules and the reduction of the maxillulary palp, by the modified maxillae which lack any trace of an endopod on the powerful distal claw, and by the reduction of the maxillipeds to minute unarmed lobes. It is thus, highly modified for a parasitic life habit. As a member of the genus Eucyclops within the family Cyclopidae, this species represents a unique foray into a parasitic lifestyle from an otherwise free living group of copepods living in Lake Tanganyika. This is the first record of a copepod parasite on a snail within this ancient lake and represents only the third record of a copepod parasite on a freshwater snail.
